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Understanding differential
disease susceptibility requires
new tools to guantify the
cumulative effects of envi-
ronmental stress. Evidence
suggests that social, physical,
and chemical stressors can
influence disease through
the accumulation of epige-
netic modifications.

Geographicallystableepi-
genetic alterations could iden-
tify plausible mechanisms for
health disparities among the
disadvantaged and poor. Rele-
tions between neighborhood-
specific epigenetic markers
and disease would identify
the most appropriate targets
for medical and environmen-
tal intervention. Complex
interactions among genes,
the environment, and disease
require the examination of
how epigenetic changes reg-
ulate susceptibility to envi-
ronmental stressorsProgress
in understanding disparities
in disease susceptibility may
depend on assessing the
cumulative effect of envi-
ronmental stressors on ge-
netic substrates.

We highlight key concepts
regarding the interface be-
tween environmental stress,
epigenetics, and chronic dis-
ease. (Am J Public Health.
2014:104:1816-1821. doi10.
2105/AJPH.2014.302130)

PROFOUND HEALTH DISPAR-
ities exist between affluent Amer-
icans and their socioeconomically
disadvantaged and minority coun-
terparts.’ A landmark study showed
that the most significant risk fac-
tors accounting for differential
health outcomes were related to
the environment.? For example,
minority communities of color are
exposed to more environmental
pollutants than are White com-
munities® because toxic waste
sites, landfills, congested road-
ways, and manufacturing facilities
are most often located in such
neighborhoods.* The large and
disproportionate environmental
burden of the broad array of en-
vironmental hazards borne by
poor and minority communities,
labeled environmental justice, is
likely to be a major contributor to
health disparities.

To date, efforts to link health
disparities and environmental jus-
tice have been largely observa-
tional, and most have focused on
single risk factors. In addition to
coexposure to multiple chemicals
and physical agents, a large body
of evidence has emerged indicat-
ing that social and behavioral
factors moderate an individual's
response to hazardous environ-
mental exposures.5 Therefore, to
elucidate the complex relation
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between environmental justice
and health disparities, one must
develop tools that integrate com-
munity characteristics, social con-
ditions, and cultural influences
into the risk assessment—risk
management paradigm.

We examine the growing
body of evidence suggesting that
environmental exposures can in-
fluence the development of non-
communicable diseases in human
populations through the accumu-
lation of chemical modifications in
DNA and chromatin that subse-
quently alter gene expression in
target-specific tissues. Geographic
neighborhood-specific epigeneti-
cally stable alterations potentially
can be used as platforms to in-
vestigate the mechanisms ac-
counting for well-documented
health disparities (as shown sche-
matically in Figure 1). By charac-
terizing differential epigenetic
modifications associated with
living in a “disadvantaged” com-
pared with an “advantaged”
neighborhood, one can gain
a mechanistic understanding of
the relation between environ-
mental justice and health dispar-
ities. Insight into these epigenetic
contributions to health disparities
could logically lead to action-
able strategies to reduce hazard-
ous exposures and screen for

community-level environmental
justice—related exposures.

FROM GENOME TO
R NOME

Candidate gene and genome-
wide association studies have
identified genetic loci for numer-
ous diseases and traits.® However,
disease mechanisms are complex,
and genetic variations appear to
account directly for only a small
proportion of disease phenotypes.
The phenotypic expression of
specific genes varies with envi-
ronmental conditions and has
been attributed to chemical mod-
ification of DNA and chromatin,
collectively known as the epige-
nome.” " *Aberrant micro-RNA
expression also has been associ-
ated with disease such as cancer'?
and may represent another form
of epigenetic regulation of gene
expression. Epigenetic research,
however, has concentrated on
methylation of CpG dinucleotides
within promoter sequences of
DNA and chemical modifications
(e.g., acetylation) of histones, the
chief protein component of the
chromatin.*® We thus focus
primarily on methylation and
histones.

Studies have shown that, in
most cases, genetic predisposition
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environmental health disparities.

creates the potential for adverse
health outcomes only when sub-
sequently exposed to environ-
mental toxicants'®"" ; colloquially
said: “genetics loads the gun, but
the environment pulls the trigger.”
For the promise of genomics to
be realized, one must move be-
yond the discovery of disease-
associated genetic variants to
understanding the epigenetic
mechanisms by which the envi-
ronment may modulate gene ex-
pression and hence trigger disease.

NEIGHBORHOOD
ERNVIRONMENT MATTERS

Health disparities have been
widely linked to regional varia-
tions in exposure to chemical
and nonchemical stressors. Be-
cause disadvantaged populations
often live in close proximity
to polluted industrial sites,18

contaminated drinking water may
be responsible for consistent re-
ports of higher arsenic and lead
burdens in racial/ethnic minorities
than in White individuals'®2°
These exposures raise health con-
cerns because arsenic and lead are
also recognized risk factors for
diabetes, cardiovascular and renal
disease, and cancer?*® Disad-
vantaged communities and popu-
lations are also disproportionately
exposed to toxic chemicals such
as bisphenol A and traffic-related
air pollution (eg., particles with
aerodynamic diameter £ 2.5 1g/m?
[PM,5])"%°

Exposure to these chemical
stressors can cause disease by dam-
aging DNA, disrupting hormones,
inhibiting protein synthesis, or ab-
rogating metabolic pathways2728
In the absence of direct muta-
tions, environmentally induced
epigenetic changes represent
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FIGURE 1+—Framework for proposed neighborhood-specific epigenome analysis for the study of

alternative pathways for gene—
environment interactions capable
of significant effects on human
health. Toxic metals such as arse-
nic and lead can modify disease
susceptibility by altering DNA
methylation and gene expres-
sions. 2930 Indeed, evidence sug-
gests that the carcinogenicity as-
sociated with these metals results
from epigenetic modifications.*°
Studies also have linked other
environmental chemicals, includ-
ing bisphenol A and PM, 5, with
both genespecific hypermethyla-
tion*°~3% and global DNA hypo-
methylation (e.g., decreased long
interspersed nucleotide element

1 methylation).>*3® These
chemical-mediated modifications
appear to result from competition
for methyl donors during normal
metabolic detoxification of
metals®? and may persist across
successive generations.®’

Disadvantaged neighborhoods
are often exposed to not only
chemical agents but also higher
levels of nonchemical stressors,
both physical (eg., noise) and so-
cial (eg., unhealthy food and psy-
chosocial stress).'®*%%° Reportssug-
gest that these nonchemical
stressors can cause epigenetic
changes,*%*! although this field
of study is still in its early stages.
For example, maternal care such
as grooming and nursing of rat
pups alters the methylation pro-
file within a critical receptor
gene in the brain of the pups (eg.,
hypothalamus).*! Similarly, mal-
treatment, conflict-laden familial
relationships, and unhealthy
physical and social environments
during childhood also can alter the
human epigenome in ways that
influence brain structure and its
functional plasticity.*?> The prena-
tal exposure of the developing
child to famine (“Dutch Hunger
Winter” cohort of 1944—19453)
was associated with hypomethyla-
tion of the key growth factor
gene for insulin-like growth factor
2 (IGF2) and the subsequent
expression of IGF2.

TYPE 2 DIABETES AND
CUMULATIV IGENETIC
CHANC

As indicated earlier, populations
living in disadvantaged neighbor-
hoods likely will be compromised
regarding their capacity both to
detoxify chemicals and to methyl-
ate DNA. Once toxicants have
entered the body, one mechanism
of detoxification involves conju-
gation with the tripeptide gluta-
thione, a key antioxidant molecule.
However, exposure to toxic chemicals
can deplete glutathione. Deplet-
ing glutathione stores decreases
cellular S-adenosylmethionine
and can contribute to genome-
wide DNA hypomethylation.
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S-adenosylmethionine is a critical
methyl donor for most of the
methyltransferases that modify
DNA, RNA, histones, and other
proteins. Thus, the methylation
cycle and glutathione synthesis
are biochemically interconnected.
Loenen** hypothesized that for
populations living in chemically
contaminated communities, gluta-
thione depletion results from in-
tense glutathione consumption
secondary to conjugation with
chemicals or their metabolites.
The methyl groups used in DNA
methylation are often derived
from dietary sources (eg., fresh
vegetables and fruits). Limited ac-
cess to healthy foodssupplemented
with folic acid, methionine, and
other methyl group donors may
result in dietary methyl deficiency
and thus exacerbate susceptibility
to adverse health risk among those
disadvantaged neighborhoods.*®

Type 2 diabetes is one of the
most widely studied health end-
points with respect to epigenetic
changes. Diabetes is a complex
multifactorial disease and emerg-
ing major public health threat in
overweight individuals, especially
among minorities and the poor.*®
The underlying mechanisms re-
main undetermined, but studies
have consistently shown an epi-
genetic link between type 2 di-
abetes and environmental factors
(eg., physical inactivity and arsenic
exposure) 474

Kuroda st al*® reported that
the degree of methylation declines
within the insulin promoter of mu-
rine embryonic stem cells as they
differentiateinto insulin-expressing
cells. Consistent with this obser-
vation, the promoter in human
pancreatic b cells is similarly deme-
thylated, suggesting that epigenetic
influences could moderate insulin
secretion. DNA methylation also
alters the expression of the murine
agouti gene, which is associated

with the subsequent development
of obesity and a diabetes-like met-
abolic condition.>® Complemen-
tary studies in this regard have
shown that intrauterine nutrient
deprivation and growth retarda-
tion may lead to type 2 diabetes
secondary to the epigeneticsilenc-
ing of a key transcription factor
(pancreatic and duodenal homeo-
box 1) that regulates insulin gene
expression and b-cell differentia-
tion.5"52 Taken together, these
studies support the thesis that
environmental context matters and
provide the clues that environment-
induced epigenetic alterations
may be central to the expression
of common diseases (e.g., type 2
diabetes).

BEYOND THE
SINGLE-STRESSOR
NT STRATEGY

ASSESSME

As outlined earlier, various en-
vironmental exposures have been
linked to epigenetic modifica-
tions.>%47 Nevertheless, most
studies on the relation between
neighborhood context and health
have focused on single stressors:
chemical, physical, biological, or
social conditions. The cumulative
effect of multiple stressors and
multiple exposures has received
little attention or investigation be-
cause of the lack of integrated
tools to quantify effects of such
exposures and link them to health
outcomes. Yet recent technology
advancement (see the following
section) has now made it possible
to examine a broader and more
complex array of neighborhood
effects on human health.

Given the complexity of the
gene—environmentinteractions,
no single disciplinary approach
alone could provide sufficient
insight into either prevention or
intervention strategies for elimi-
nation of health disparities. Thus,
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the key to translating genomic
science into public health practice
is to develop tools to assess the
cumulative effect or epigenetic
load resulting from environmental
justice—relateddifferential expo-
sures and subsequent disease risk.
A new paradigm is apparently
needed to establish the link be-
tween environmental influence
as a whole and health disparities
associated with disproportionate
environmental exposures.
Epigenome programming can
serve as a tool to monitor efforts to
ameliorate environmental justice
or neighborhood disadvantage.
Neighborhood disadvantage is a
powerful predictor of health out-
comes, yet the effect of variations
in neighborhoods on health has
received little attention until re-
cently.®® It is intriguing to specu-
late that the accumulated extent
and character of epigenetic markers
resulting from exposure to a broad
spectrum of environmental risk
factors may be a predictive bio-
marker of susceptibility to chronic
illnesses. Furthermore, finely
tuned epigenetic mechanisms may
operate to switch genes on and
off, shifting the phenotype within
genetically controlled limits. Such
a buffering mechanism allows
humans and other organisms to
adjust their traits to cope with
environmental heterogeneity, per-
haps to improve their fitness for
survival. Of course, not every ad-
justment is beneficial to the or-
ganism. Epigenetic regulation of
gene expression may improve
survival in one environment but
increase vulnerability to disease
in another time and place. Thus,
this provides a strong rationale to
elucidate the role of environmen-
tal justice—related unequal expo-
sures in producing a differential
neighborhood epigenome and its
resultant health disparities. Un-
derstanding epigenetic pathways

could provide key insight for the
targeted intervention and elimi-
nation of health disparities.

- FUTURE OF
EPIGENETIC ANALYSIS

Until recently, epigeneticscould
be examined only in a descriptive
manner. With advancement in sci-
entific technology (eg., whole ge-
nome bisulfite sequencing), epige-
netic marks, with respect to extent
and location, can be easily identi-
fied. Once identified, the activation
and inactivation of specific genes
can be evaluated by microarray
technology. The most definitive
mechanistic link between environ-
mental influence and epigenetic
status to date was established by
the well-defined and sensitive
mouss coat color gene’*?*° De-
spite this predictive success in ex-
perimental animals, limited prog-
ress has been made in establishing
causative links between environ-
mentally induced epigenetic pro-
cesses and diseases in humans.

To date, most of these human
epigenetic studies used cross-
sectional design and have examined
particular genomic loci in only
a limited sample size. Still lacking
is the direct evidence of a tempo-
ral relation that is needed to link
environmental justice, epigenetic
alterations, and adverse health
outcomes. Additional studies are
needed on effects of environmen-
tal factors at specific stages in
gestational development that may
propagate onward to produce
long-term phenotypic changes.
Also, the timing of environmental
exposure with respect to age or
stage of human development is
a critical factor that influences the
magnitude of gene—environment
interactions and warrants further
investigation. This raises the ques-
tion of a tipping point—the point
beyond which the collected
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Note. The x-exis denotes the relative fold chenge of DNAmethyiation, and the y-axis is the significance level of the result (Hogyo Palue) for
each gernetic loci interrogated on the microarmay platform used.

Epigenetic Difference

duration or composition of neigh-
borhood risk factors can no longer
be individually tolerated, and health
is compromised. It is also important
to note that the epigenetic modifi-
cation operates at the interface be-
tween genes and the environment
and is a dynamic process that varies
with age, a phenomenon also
known as epigenetic drift>® One of
the best examples of epigenetic drift
is that considerable differences are
found in both global and locus-
specific DNA methylation and his-
tone acetylation in identical twins
across ages,”® a finding that again
substantiates the earlier argument
that neighborhood environment
matters.®’

Longitudinal studies are even
better suited to investigate this
type of age-related epigenetic
changes.>®°® This approach could

FIGURE 2—Conceptual representation of differential epigenetic pattems between “advantaged” and
“disadvantaged” neighborhoods, as illustrated by the volcano plot of DNA methylation.

be a reasonable solution to estimate
the contribution of heritable and
environmental factors to variation
in a quantitative trait such as DNA
methylation. In longitudinal analy-
sis, one can estimate to what extent
DNA methylation is influenced by
environmental stressors associated
with environmental justice (eg,
lead),'**® because although both the
epigenomeand the environment
are dynamic,?®%® the underlying
genome is relatively constant. Nev-
ertheless not all epigenetic changes
are environmentallymediated, and
dynamic changes in DNA methyl-
ation do occur in conjunction with
normal age-associated develop-
mental processes.

Another major challenge is to
develop precise tools and dynamic
capabilities of evaluating environ-
mental justice effects. Typically,
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such data are derived from ques-
tionnaires or extrapolated from
stationary monitoring devices.
These methodologies have inher-
ent limitations, including misclas-
sification errors and individual
variability. The advancement in
high-throughput technology allows
the incorporation of emerging
“-omic” approaches: RNA ex-
pression (transcriptomics), protein
expression {proteomics), and me-
tabolites (metabolomics) as advo-
cated in Wild’s “exposome” to
characterize total past exposure.®°
The resulting “-omic” profiles can
complement epigenome analysis
by characterizing the downstream
biological events associated with
each epigenetic pattern in the
exposure—disease continuum. With
these relationships in hand, one
can improve exposure assessment

and thereforebetter predict disease
risk related to environmental justice.

As stated earlier, the recent ad-
vances in epigenetic technology
(eg., longitudinal analysis and
“-omic” biomarkers) have made
the proposed neighborhood-
specific epigenomic approach fea-
sible to examine the relation be-
tween health disparity and envi-
ronmental justice. For instance,
one may perform an exploratory
analysis like the volcano plot of
the differential DNA methylation
analysis (Figure 2) or heat map
or hierarchical clustering analy-
sis®®? to examine epigenstic pro-
files between neighborhoods.
Once these profiles are identified,
one can focus on candidate epige-
netic alterations and further per-
form the functional annotation
analysis of these differentially meth-
ylated genes®® to enrich these
identified genes in gene ontology
biological processes such as
transcription regulation or cell
surface receptor—linkedsignal
transduction.

Despite the promise, several
critical issues remain to be ad-
dressed such as the development
of technologies to assess the func-
tional relation among individual
methylated components (eg., pro-
moters) and to cope with the
small effect size of epigenetic
changes.®* Hence interdisciplinary
efforts are needed, including ex-
posure assessment, bioinformatics,
biostatistics, epidemiology, social
sciences, and clinical medicine,
to tackle the complex issues asso-
ciated with health disparities.

CONCLUSIONS

In summary, the synthesized
evidence cited earlier suggests that
disproportionate environmental
burdens, referred to as environ-
mental justice, can lead to differ-
ential epigeneticchanges including
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chemical modification of DNA
and chromatin. These epigenetic
modifications can alter gene ex-
pression to enhance susceptibility
or resistance to the cumulative
effect of multiple environmental
stressors. Neighborhood-level
analyses, which go beyond
chemical-by-chemical approaches
to risk evaluation, are needed to
identify the interactive effects

of chemical and nonchemical
stressors to develop effective and
sustainable environmental health
interventions.

Insight into epigenetic regula-
tion of gene expression may lead
to identification of novel targets
for population-based preven-
tion efforts, and by comparing
neighborhood-specific epigenomic
profiles, one can then identify
and address the most promising
remedies. For instance, one may
consider intervention with inhibi-
tors of enzymes involved in the
chemical modifications of DNA
or chromatin (e.g., dietary supple-
ments) and modifiers of DNA
methylation and histone deacety-
lation to reactivate epigenetically
silenced genes and thus to restore
normal cell function. Thus, char-
acterization of metabolic pathways
affected by epigenetic modifica-
tions may provide considerable
insight into the possible role of
environmental justice in health
disparities. j
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